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Abstract. In the western United States, restoration of forests with historically frequent,
low-severity fire regimes often includes fuel reduction that reestablish open, early-seral condi-
tions while reducing fuel continuity and loading. Between 2001 and 2016, fuel reduction (e.g.,
thinning, prescribed burning, etc.) was implemented on over 26 million hectares of federal
lands alone in the United States, reflecting the urgency to mitigate risk from high-severity wild-
fire. However, between 2001 and 2012, nearly 20 million hectares in the United States were
impacted by mountain pine beetle (MPB; Dendroctonus ponderosae), compounding restoration
effects in wildfire-hazard-treated stands. Knowledge of the effects of treatments followed by
natural disturbance on long-term forest structure and communities is needed, especially con-
sidering that fuel treatments are increasingly being implemented and warming climate is pre-
dicted to exacerbate disturbance frequency and severity. We tested the interacting effects of
treatments designed to reduce high-severity wildfire hazard in stands subsequently challenged
by MPB outbreak on vegetation dynamics using a factorial experimental design (control, thin
only, burn only, thin + burn) in a ponderosa pine (Pinus ponderosa)-dominated forest. Stands
were treated by 2002, then impacted by MPB outbreak from 2005 to 2012. We assessed change
in overstory and understory forest community structure, composition, and diversity over time.
There were distinct thinning, burning, and year effects. Thinning immediately reduced over-
story density; pine density then declined 4.5 times more in unthinned than thinned treatments
due to MPB. Burning immediately reduced graminoid, shrub, and total understory cover by as
much as 52%, resulting in greater species evenness than unburned treatments, but differences
disappeared by 2016 due to growth and MPB outbreak. Similarly, multivariate analyses indi-
cated forest communities were starkly different after treatment but became more similar over
time, though key understory and overstory attributes still distinguish control and thin + burn.
This study shows the value of long-term silvicultural experiments to evaluate treatment longev-
ity and the compounded effects of treatment and natural disturbance. We demonstrate the
homogenizing effects of treatment-induced growth coupled with MPB-caused tree mortality
on management strategies that just treat the overstory (thinning) or understory (burning),
showing that only combined treatments can provide the unique structural and compositional
outcomes expected of restoration.
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INTRODUCTION

Fire exclusion in dry forests across much of the United
States has caused vegetation structure and composition
shifts that can result in uncharacteristically high fire
severity (Keane et al. 2002, Miller et al. 2009, Stephens
et al. 2018). Active restoration of fire-dependent forests
can create conditions that foster low-severity fire and
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counter the successional effects of past management
(Fulé et al. 2012, Hessburg et al. 2015, Kalies and
Yocom Kent 2016); however, restoration efforts often do
not acknowledge the need for maintenance treatments
or examine longer-term impacts (Collins et al. 2016,
Stephens et al. 2016). Though restored stands may be
defined by fire-resistant structure and early-seral species
(Metlen and Fiedler 2006, Schwilk et al. 2009, Fiedler
et al. 2010, Fulé et al. 2012), restoration treatment
effects on forest structure and communities will change
over time, and fire resistance may be ephemeral if fire-
sensitive communities quickly reestablish and grow.
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Although dry forest restoration anticipates subse-
quent disturbance by fire, western forests are subject to a
variety of disturbance agents and their interactions
(wind, beetles, freezing, and drought; e.g., Veblen et al.
1994), regardless of whether stands are treated. Further-
more, compounding disturbances may have antagonistic
or synergistic impacts on tree mortality and forest com-
munities (Pickett et al. 1989, Paine et al. 1998, Kane
et al. 2017). As disturbance agents, bark beetles and fire
have a complex relationship that has shaped many tem-
perate forests (Bigler et al. 2005, Harvey et al. 2013, Ste-
phens et al. 2018). The effects of bark beetle outbreaks
on vegetation dynamics have been widely documented
(Pec et al. 2015), as have been forest treatments for resis-
tance to beetle outbreaks (Fettig et al. 2007, 2014). But
the compounding effects of dry forest restoration, espe-
cially fuel treatments that aim to create resistance to
high-severity fire, and bark beetle outbreak on vegeta-
tion dynamics in light of future fire and climate change
are largely unknown, which presents an urgent and
unsolved problem.

Forest restoration practices in dry and historically fre-
quent-fire forests typically reestablish open, early-seral,
forest structures and communities to reverse effects of
past management and fire exclusion (Hessburg et al.
2015). Whether informed by historical range of variabil-
ity (Keane et al. 2009, Clyatt et al. 2016) or desired
future structure and function (Fulé 2008, Janowiak et al.
2014, Mabher et al. 2019), the long-term goal in the
restoration of these forest types is to reestablish over-
story resistance (i.e., ability to survive disturbance) and
community resilience (i.e., ability to reorganize with sim-
ilar attributes following disturbance) to future distur-
bance, especially fire. One crucial element in this is fuel
reduction. Fuel reduction treatments increase resistance
to crown fire by retaining large, fire-resistant trees and
reducing surface, ladder, and canopy fuel continuity and
loads (Agee and Skinner 2005, Reinhardt et al. 2008).
Fuel reduction treatments have been widely imple-
mented across the West over recent decades, sometimes
with the aim to restore native ecosystem structure and
process (Larson and Churchill 2012), and other times
simply to provide a defensive framework to protect for-
ests and properties (McKelvey et al. 1996, Schoennagel
et al. 2009). Whether couched in ecosystem restoration
or not, fuel treatments directly modify forest overstories
and perturb understories in ways that are sure to influ-
ence community response (Anderson et al. 1969, Ellison
et al. 2005, Abella and Springer 2015, Goodwin et al.
2018) and alter the outcome of subsequent disturbance.

Mountain pine beetle (Dendroctonus ponderosae Hop-
kins; MPB) is native to North America and frequently
impacts dry, pine-dominated, forest types such as those
with frequent, low-severity historical fire regimes. MPB
periodically erupts into regional outbreaks and, between
2001 and 2012, outbreaks affected nearly 20 million hec-
tares and killed many trees in the western United States
(Karel and Man [2017], but see Hicke et al. [2016] for
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alternative estimate of MPB impact). The recent MPB
outbreaks spanned landscapes consisting of multiple
management strategies, killing trees in both unmanaged
and managed stands, but causing the most mortality in
stands with greater host densities (Klenner and Arse-
nault 2009, Klutsch et al. 2009, Egan et al. 2010, Hood
et al. 2016).

Although MPB outbreaks reduce live tree density and
live canopy fuel, increasing resources to remaining trees
and understory species (Brown et al. 2010, Griffin et al.
2011, Pec et al. 2015) and addressing some of the pri-
mary objectives of silvicultural fuel reduction, there are
important differences. Simard et al. (2011) argued that
MPB outbreaks in untreated lodgepole pine stands even-
tually reduce canopy density and thereby potential for
crown fire (but see Moran and Cochrane 2012), and phy-
sics-based fire modeling suggests that old MPB out-
breaks likewise buffer residual overstory mortality in
ponderosa pine stands (Sieg et al. 2017). The biophysical
process of MPB-caused mortality and subsequent
change in fuel structure in those studies suggest the pro-
cess is independent of forest type, and that MPB out-
breaks can confer some of the same fire same resistance
elements that silvicultural practices like thinning provide
in forests with more frequent fire. But unlike fuel treat-
ment practices, which remove or consume surface and
canopy biomass in a short pulse and generally retain
large, early seral trees, MPB preferentially target and kill
large, early seral pines over a lengthier period and do
not remove biomass (Safranyik and Carroll 2006, Ste-
phens et al. 2018). Because of host specificity, severe
MPB outbreaks can quickly change species dominance
if late-seral tree species are present (Hood et al. 2016).
Furthermore, silvicultural practices typically aim to
reduce surface fuel loadings and scarify forest understo-
ries with machinery or prescribed fire, whereas MPB
outbreaks slowly add foliar and woody biomass to the
forest floor as MPB-killed trees decompose and fall
(Page and Jenkins 2007). Where silvicultural practices
such as fuel reduction have subsequently been impacted
by MPB outbreaks, community effects may be a com-
posite of both disturbances, and the effects of either dis-
turbance may mask the other (Crotteau et al. 2018b).

Little is known about long-term vegetation and com-
munity dynamics after fuel treatments, and even less is
known about the combined impact of these treatments
and MPB outbreak on vegetation structure, composi-
tion, and dynamics. Here, we report 14-yr vegetation
response to the Fire and Fire Surrogate study, a repli-
cated, randomized, operational-scale fuel reduction
experiment (Mclver et al. 2013) designed to restore pon-
derosa pine (Pinus ponderosa Lawson and C. Lawson
var. scopulorum Engelm.) forests that were challenged by
a regional MPB outbreak. The unique combination of
experimental fuel reduction treatments and an MPB
outbreak created novel forest conditions, which have
been largely undocumented. In a companion piece to
this study from the fire and fuels perspective, Crotteau
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et al. (2018b) found that combined thinning and burning
treatments best mitigated fire hazard development after
MPB outbreak, because thinning reduced canopy fuels,
thinning increased overstory survival and thus limited
mortality-induced surface fuel accumulation, and burn-
ing reduced ladder fuels. Here, we analyze data from
14 yr after silvicultural treatment with the broad
research question: what impact does the combination of
fuel reduction and MPB outbreak have on live vegeta-
tion dynamics? We sought to understand how the com-
bination of treatment and MPB outbreak affected
overstory, understory, and total forest community struc-
tural and compositional dynamics. We expected that
overstory structure, composition, and structural vari-
ability would respond differently across treatments over
time because post-treatment structure impacts growth
and MPB-caused mortality, which in turn also impacts
residual growth. Further, we expected that understory
functional composition and diversity would develop on
different trajectories across treatments because of trait-
mediated responses to initial treatments followed by
changes in resource availability. Finally, we anticipated
that the development of the forest community as a whole
(both overstory and understory) would segregate by
treatment, but that treatment communities may become
more similar if the MPB outbreak reduced overstory
density and stimulated understory development as
expected by fuel treatments. To our knowledge, this
study is unprecedented. None have ever revealed the
cumulative effects of fuel treatment modified by a MPB
outbreak on forest vegetation dynamics, therefore our
results are highly relevant for managers dealing with this
novel condition.

METHODS

Study site

This study was conducted at the University of Mon-
tana’s Lubrecht Experimental Forest (46°53' N, 113°26¢
W), an 11,300-ha forest in western Montana’s Blackfoot
River drainage of the Garnet Range. Study sites range in
elevation from 1,230 to 1,388 m above sea level; vegeta-
tion comprises Pseudotsuga menziesiil Vaccinium caespi-
tosum Michx. and Pseudotsuga menziesiilSpiraea
betulifolia Pall. habitat types (Pfister et al. 1977). Soils
are fine or clayey-skeletal, mixed, Typic Eutroboralfs, as
well as loamy-skeletal, mixed, frigid, Udic Ustochrepts
(Nimlos 1986).

Climate in this study area is maritime-continental.
Annual precipitation is approximately 460 mm, nearly
one-half of which falls as snow (Schneider et al. 2019;
precipitation data available online).” Mean temperatures
range from —6°C in December and January to 17°C in
July and August. Average plant growing season is
between 60 and 90 d. Grissino-Mayer et al. (2006)

> http://prism.oregonstate.edu
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identified that historical fire frequency at Lubrecht prior
to the 20th century ranged from 2 to 14 yr, with a mean
composite fire return interval of 7 yr, but the last natural
fire prior to treatment was approximately 70 yr ago.

Early 20th-century forest management in the study
area was similar to much of the accessible, pine-domi-
nated Intermountain West: selective logging and
clearcutting followed by fire exclusion and cattle grazing
(Keeley et al. 2009). The overstory is dominated by sec-
ond-growth ponderosa pine, Douglas-fir (Pseudotsuga
menziesii [Mirb.] Franco var. glauca [Beissn.] Franco),
and western larch (Larix occidentalis Nutt.), naturally
regenerated in the 1920s to 1940s after harvesting. Pre-
treatment overstories were mostly continuous, with stem
densities near 400 trees/ha and basal area of 22.1 m?/ha.
Stands were dense (5,000-11,000 stems/ha) with advance
regeneration of Douglas-fir, and occasional thickets of
ponderosa pine regeneration.

Silvicultural treatment and natural disturbance

Lubrecht Experimental Forest was selected as the
northern Rocky Mountains’ site for the Fire and Fire
Surrogate study, a multidisciplinary research project that
aimed to quantify the short-term effects of fuel reduc-
tion treatments in frequent-fire forests across the United
States (Weatherspoon 2000, Mclver and Weatherspoon
2010). The Fire and Fire Surrogate study provides a
framework to examine the effects of fuel treatments on
vegetation dynamics as it has a balanced experimental
design and was specifically created to test for differences
among treatments. At Lubrecht, treatments were imple-
mented in each of three blocks using a randomized fac-
torial design: two levels of thinning (thinned and
unthinned) by two levels of prescribed burning (burned
and unburned), for a total of four treatment levels (no-
action control, burn only, thin only, and thin + burn).
Prescription intensity was intended to maintain 80%
overstory tree survival given a wildfire in 80th percentile
weather conditions (Weatherspoon 2000).

Stands were cut in 2001 and burned in 2002, creating
12 9-ha experimental units. The cutting prescription was
a combined low thinning and improvement cut to a
residual basal area of 11.5 m*ha, favoring retention of
large ponderosa pine and western larch over Douglas-fir.
Broadcast burns were conducted in the spring with wind
speeds <13 km/h. Fires were generally kept to a low
intensity to maintain operational control, resulting in
low-severity burns that consumed the forest floor and
killed small-diameter ladder fuels, with pockets of mod-
erate to high severity in two of the thin + burn treat-
ments. Metlen and Fiedler (2006) and Dodson et al.
(2007) analyzed immediate treatment effect on vegeta-
tion communities, and Fiedler et al. (2010) discussed
treatment effect on stand structure and short-term
growth. Six and Skov (2009) report short-term bark bee-
tle activity and emphasize the short pulse of activity
associated with burning. Finally, Schwilk et al. (2009)
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and Mclver et al. (2013) compared this site’s vegetative
and fuel responses with other sites from the national Fire
and Fire Surrogate study.

Not long after researchers completed measurements
of short-term treatment responses (i.e., 4 yr after treat-
ment), a regional MPB outbreak began affecting the
Lubrecht Experimental Forest (Gannon and Sontag
2011). MPB-caused overstory mortality levels were high
in Control and Burn only units over the course of 2006
to 2012, leading to similar live ponderosa pine basal area
across all treatments by the end of the outbreak (Hood
et al. 2016). In the present study, we used Hood et al.’s
(2016) MPB-caused tree mortality data to infer cause of
tree death. After the MPB outbreak, changes in vegeta-
tion dynamics are no longer a pure effect of fuel reduc-
tion treatments, but rather restoration compounded by
MPB outbreak (Crotteau et al. 2018b).

Field methods

We measured all live aboveground forest vegetation at
our study site except for bryophytes. We divided life
forms into two broad classes for measurement and anal-
ysis: tree and nontree (hereafter, “understory”) vegeta-
tion. The tree class was then subdivided by size into
overstory (diameter at breast height [dbh; height
1.37 m] > 10.16 cm) and regeneration (height > 10 cm
and dbh < 10.16 cm), the latter comprised of five sub-
classes (seedling, 10 cm < height < 50 cm; large seed-
ling, 50 cm < height < 137 cm; small sapling, 0.1 cm
< dbh < 3 cm; medium sapling, 3 cm < dbh < 6 cm;
large sapling, 6 cm < dbh < 10.16 cm). The understory
vegetation class was subdivided into three mutually
exclusive functional classes: graminoid, forb, and shrub.
In accordance with previous classification (Metlen and
Fiedler 2006), graminoids were defined as species of the
families Graminaceae, Poaceae, Cyperaceae, and Jun-
caceae; forbs were nonwoody, nongraminoid plant spe-
cies; and shrubs were woody species that do not exceed
10 m in height. In addition to these functional classes,
we subsequently characterized vegetation by origin as
either native or exotic using the PLANTS database
(USDA and NRCS 2017).

The full suite of vegetation data was sampled on per-
manently monumented 0.10-ha rectangular modified-
Whittaker plots (Metlen and Fiedler 2006). These were
10 randomly selected plot locations from 36 systemati-
cally located grid points within each of the 12 treatment
units, for a total of 120 measured plot locations. Species,
dbh, total height, and crown width were recorded for
overstory trees on one 0.04-ha subplot per Whittaker
plot. Saplings were tallied on five 100-m?> subplots per
plot; seedlings were tallied on 20 1-m? subplots per plot.
Understory vegetation was identified by species (or by
genus for difficult to identify species) and cover was esti-
mated on 12 1-m? subplots per plot.

Overstory trees were measured in 2001, immediately
after harvest, and burned treatments were revisited
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annually from 2002 to 2004 to identify fire-killed trees;
overstory was then remeasured in 2005 and 2014. Regen-
eration was measured in 2002 and 2016. Understory veg-
etation was measured in 2002, 2004, and 2016.

To assess the spatial variability within treatments, we
also measured overstory trees on each of the 36 grid
point locations per unit (total of 432 plots). In that spa-
tially extensive sample, overstory species, dbh, and
height were recorded on 0.04-ha circular plots. Trees
were measured in 2000, prior to treatment, then revisited
in 2001 and 2002 to identify harvested or fire-killed
trees. Trees were then remeasured in 2015.

We refer to the earliest data (2000, 2001, 2002) as
“2002” to represent the collective immediate post-treat-
ment data and most recent data (2014, 2015, 2016) as
“2016” for the post-MPB outbreak data. By the time of
final measurement, stands were in the post-MPB out-
break, leaf-off, “gray phase” of the disturbance cycle
(Jenkins et al. 2008).

Analytical and statistical methods

To understand how the combination of fuel treatment
and MPB outbreak affected overstory structure and
composition we first analyzed treatments by diameter
distribution. We subsequently tested structure and com-
position using stand-scale stem density, ponderosa pine
composition, quadratic mean diameter, volume, relative
stand density index, and canopy cover. Quadratic mean
diameter (QMD) was calculated as the dbh of the over-
story tree of average basal area. Volume was estimated
with overstory tree dbh and height using regional equa-
tions by species for total tree cubic volume (Faurot
1977). We used stand density index as a relative density
metric that incorporates overstory tree size and density,
scaled by an a priori maximum stocking value for pon-
derosa pine of 900 (rSDI; Reineke 1933, Cochran and
Barrett 1998). Additionally, we calculated percent
canopy cover of overstory trees using measured crown
widths (corrected canopy cover in [Crookston and Stage
2000]).

We made use of our spatially extensive data set to
address spatial variability of stand structure within trea-
ted areas. We summed tree volumes to estimate stand
volume at each of the 36 plots per unit and characterized
structural variability with three metrics: in-stand stan-
dard deviation, coefficient of variation, and structural
complexity index (SCI). In-stand standard deviation is
the standard deviation of volume within each experi-
mental unit, labeled “in-stand” to differentiate it from
treatment-scale standard deviation. Coefficient of varia-
tion, a standardized measure of variability, was calcu-
lated as standard deviation divided by mean volume per
experimental unit. We calculated SCI for each unit (Zen-
ner and Hibbs 2000, del Rio et al. 2016). This index is a
measure of attribute (e.g., height, volume, etc.) spatial
variability, and is also known as the rugosity of a three-
dimensional surface. It is calculated using a spatially
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explicit irregular network of nonoverlapping triangles,
generated using a Delaunay triangulation algorithm
(Turner 2017). Triangle vertices are three-dimensional
(x, y, z) spatial data points: x and y are the easting and
northing, while the accessory coordinate (i.e., z) may be
any attribute of interest. The SCI is the sum of all trian-
gle areas in the network divided by the total pro-
jected (two-dimensional) area. Spatially homogeneous
attributes yield low indices (near 1), while greater values
(unbounded) reflect spatial heterogeneity. In this study,
we used the gridded x and y coordinates of our mea-
sured plot centers (m) and considered volume as the z
coordinate (m*/ha; see Appendix S1: Fig. Sl for an
example). We present SCI as the percentage >1, with
higher numbers signifying a more rugged surface.

We analyzed understory vegetation total percent cover
and cover by class to understand how the combination
of fuel treatment and MPB outbreak affected understory
dynamics. We also calculated and analyzed three mea-
sures of diversity: richness, Shannon’s H, and Simpson’s
evenness. Richness was the count of total genera present;
we used genus instead of species to avoid identification
inconsistencies since entirely different field crews sam-
pled vegetation over the years. Shannon’s H was the
Shannon-Weiner diversity index (Shannon and Weaver
1949), an unbounded metric that increases with richness
and cover. Simpson’s evenness, when scaled by richness,
is a diversity metric that identifies imbalanced (0) or bal-
anced (1) communities (Smith and Wilson 1996).

We used univariate repeated measures ANOVA to test
treatment influences on vegetation structure, composi-
tion, diversity, and variability (i.e., all variables listed
above except tree size class distributions). ANOVA mod-
els had the form

ikt = B+ o+ B X v + gy + o
X O+ B X Vi X &+ e@m

where p is the mean response variable at the experimen-
tal unit scale (n per year = 12), p is the grand mean, o is
the block effect (levels 1-3), B; is the prescribed burn
effect (levels not burned and burned), y, is the thinning
effect (levels not thinned and thinned), and 9, is the year
effect (levels 2002, 2004 or 2005, [if response was mea-
sured], and 2016). We identified two random error
terms: €(1y;z was the between unit error term for testing
treatment effect (i.e., burning and thinning) and &)
was the within-unit error term for testing the effect of
time on treatment. Within-unit error was assigned a con-
tinuously declining autocorrelation structure to reflect
the unequal correlation between measurement years
2002, 2004/2005, and 2016. We used a logarithm trans-
formation to normalize non-normal responses. Treat-
ment effects were considered to have evidence of
significance at the 90% confidence level (alpha = 0.10).
Finally, we identified change to overall forest commu-
nities by treatment using nonmetric multidimensional
scaling, multi-response permutation procedure, and
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canonical discriminant analysis. Nonmetric multidimen-
sional scaling (NMDS) is a distance-based ordination
method that maximizes correlation between groups in
n-dimensional space and ordination space, making no
assumptions about data normality. We ran NMDS with
Bray-Curtis distance in R using the vegan package
(Oksanen et al. 2017) to reduce multivariate experimen-
tal unit data to two dimensions, first for the overstory
community (16 dimensions) and then the understory
(nine dimensions). Both 2002 and 2016 measurements
were included in this operation for a total of 24 data
points per analysis. We separated those same data by
year (back to n = 12) and tested for treatment differ-
ences using multiresponse permutation procedure
(MRPP), which is a nonparametric alternative to multi-
variate ANOVA. Whereas the combination of NMDS
and MRPP were used to illustrate and test the similari-
ties and differences between treatments at the experi-
mental unit scale, we also wanted to highlight
multivariate attributes that best segregate treatment
groups at the plot scale for a better understanding of
fine-scale ecological relationships (n = 120). We did this
with canonical discriminant analysis (CDA), which is a
principal component technique that derives canonical
variables to maximize variation between specified treat-
ment groups. Since CDA requires multivariate normal-
ity, we reduced data to 11 normally distributed
dimensions split across tree and understory vegetation
metrics. We analyzed change in treatment segregation by
performing CDA on 2002 and 2016 plot scale data sepa-
rately (ignoring data nesting structure of plot within unit
within block), then comparing attribute “loadings,” or
correlations.

REsuULTS

Overstory structure, composition, and structural
variability

Immediately following treatment, in 2002, diameter
distributions on the Whittaker plots varied by treatment
(Fig. 1). In particular, unthinned treatments (Control
and Burn-only) had high densities of small overstory
trees and low densities of large overstory trees. Thinned
treatment (thin only and thin + burn) densities were
lower, especially for trees smaller than 40 cm dbh.
Thinned treatments also had notably less Douglas-fir
than unthinned treatments, as Douglas-fir was specifi-
cally targeted for removal. Regeneration size-class distri-
bution also varied by treatment in 2002 (Fig. 2). Burned
treatments had less small regeneration than unburned
treatments, and density across all classes in the thin +
burn treatment was much lower than other treatments.

By 2016, 14 yr after treatment and approximately 5 yr
after MPB outbreak, changes to diameter distributions
were most evident in the unthinned treatments, where
the MPB outbreak caused sizable mortality to pon-
derosa pine trees from 20 to 55 cm dbh (Fig. 1; also see
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Overstory diameter distribution by species (stacked) after treatment at Lubrecht Forest’s Fire and Fire Surrogate study.

From left to right panels show distribution in 2002 (immediately after treatment), 2016, and gains/losses per class between 2002 and

2016.
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Regeneration density (hundreds of trees/ha)
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Difference

O Lodgepole pine / western larch

Fic. 2. Regeneration size class distribution by species (stacked) after treatment at Lubrecht Forest’s Fire and Fire Surrogate
study. From left to right, panels show distribution in 2002 (immediately after treatment), 2016, and gains/losses per class between
2002 and 2016. Regeneration size classes are R1, seedling (10 cm < height < 50 cm); R2, large seedling (50 cm < height
<137 cm); R3, small sapling (0.1 cm < dbh < 3 cm); R4, medium sapling (3 cm < dbh < 6 cm); and RS, large sapling
(6 cm < dbh < 10.16 cm).
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Hood et al. [2016]), a class that includes many of the
trees that had been targeted for retention in the treated
units. Changes from 2002 to 2016 were also evident in
the thin-only treatment, where regeneration grew into
overstory size classes. Douglas-fir ingrowth into the
overstory and ascension through diameter classes was
greater in unthinned than in thinned treatments where
Douglas-fir was targeted for removal, and also greater in
the thin-only than the thin + burn treatment where small
Douglas-fir was killed by fire. Regeneration distribu-
tions in 2016 reflect active recruitment in all treatments
but the control (Fig. 2). We observed greater decline
across regeneration classes in the unthinned treatments
than the thinned treatments likely due to overstory
competition, which likely reduced pine regeneration
densities, and spruce budworm (Choristoneura occiden-
talis Freeman), which severely affected Douglas-fir
regeneration. This was in sharp contrast to change in the
Thin only treatment, where Douglas-fir increased across
size classes. The thin + burn treatment had the most
notable influx of seedlings, evidence that all tree species
responded well to the combination of thinning and
burning.

Stand structure and composition metrics changed
notably from 2002 to 2016 (Fig. 3). In 2002, the average
stand across all treatments had 242 overstory trees/ha,
with a QMD of 29 cm, volume of 102 m3/ha, rSDI of
31%, 25% canopy cover, and was composed of 60% pon-
derosa pine. The regeneration class (includes advance
regeneration) had 5,275 trees/ha and was 39% pon-
derosa pine. Year or year x treatment (i.e., change over
time) were significant factors for all responses except
regeneration pine composition. Thinning was a signifi-
cant factor for each response variable except regenera-
tion pine composition, and burning was a significant
factor for overstory density, regeneration density, QMD,
and canopy cover; the interaction between thinning and
burning was not significant for any responses.

Overstory density, regeneration density, volume, rSDI,
and canopy cover all behaved similarly over time
(Fig. 3). Thinning immediately reduced these metrics
between 46% and 61% over the unthinned treatments.
Burning reduced overstory density, regeneration density,
and canopy cover between 15% and 54% over unburned
treatments. Responses decreased 6% to 22% in
unthinned treatments over time (2002-2016), whereas
they increased 22% to 50% in thinned treatments.

Overstory and regeneration composition did not
respond to the same across treatment and year (Fig. 3).
Across years, thinning increased overstory ponderosa
pine composition 40% over unthinned treatments. Over-
story ponderosa pine composition declined across all
treatments from 2002 to 2016 (P < 0.001), but the
decline was 4.5 times greater in the unthinned than
thinned treatments (P = 0.008). Combined seedling and
sapling ponderosa pine composition did not exhibit any
significant change due to treatment or time, although
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only the thin + burn treatment had >50% ponderosa pine
composition by 2016.

Structural variability (i.e., variability of overstory vol-
ume across 36 points per stand) generally increased over
time across treatments. Treatment and year had nearly
identical effects on in-stand standard deviation and SCI
(Fig. 4). Those two metrics show that thinning reduced
structural variability: thinned treatments had 27-34%
lower structural variability than unthinned treatments
(control and burn only). Variability across all treatments,
however, increased 21-27% over time. Although the gap
in structural variability between thinned and unthinned
treatments was reduced by 2016, lack of a significant
interaction term shows these statistical differences per-
sist over time. The striking similarity between averaged
in-stand standard deviation and “global” SCI indicates
that spatial referencing provided little additional infor-
mation to variability when summarized to the stand
scale. Coefficient of variation (variability of stand vol-
ume relative to the mean) showed a slightly different
relationship of thinning and time on structural variabil-
ity. Relative variability in thinned treatments declined
2% from 2002 to 2016 (19% in thin only alone), whereas
it increased 29% in unthinned treatments (P = 0.026).

Understory cover and diversity

Understory cover and diversity metrics demonstrated
both similarities and differences across treatments and
over time (Fig. 5). In 2002, the average stand across all
treatments had 2.3% graminoid cover, 7.6% forb cover,
6.8% shrub cover, 0.3% exotic cover, 17.4% total cover, a
richness of 27.7 species, Shannon’s H of 2.6, and an
evenness index of 0.37. Change by year was significant
for every response, but not always monotonic. Thinning
or thinning x time was a significant factor for grami-
noid cover, exotic cover, richness, and Shannon’s H.
Burning or burning x time was a significant factor for
graminoid cover, shrub cover, exotic cover, total cover,
richness, and Simpson’s evenness; it was not significant
for forb cover nor Shannon’s H. The interaction
between thinning and burning was not significant for
any response.

Cover of all functional types (graminoids, forbs, and
shrubs) increased over time, between 102% and 558%
from 2002 to 2016 (Fig. 5). Graminoids were the only
functional type influenced by thinning. The thin-
ning x year interaction on graminoid cover was primar-
ily significant (P = 0.017) because of the 2004 response,
where cover in thin-only and thin + burn treatments were
34% and 54% greater than combined unthinned treat-
ments (control and burn only), respectively. The burn-
ing x year interaction on graminoid cover was
significant (P = 0.050) because burning immediately
reduced graminoid cover by 21% in 2002, but that differ-
ence faded with time. Shrub and total cover were 52%
and 41% lower, respectively, in burned treatments than
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unburned (control and thin only) treatments in 2002,
but those differences were also ephemeral. Exotic species
cover was greater in thinned than unthinned treatments
(P =0.020). Overall, exotic species cover was low in
2002, spiked in burned treatments especially in 2004

(P = 0.064), but then declined across all treatments by
2016 (P < 0.001).

Richness also spiked across treatments in 2004, where
it was 27% greater than pooled 2002 and 2016 values
(P < 0.001). Across years, richness was 13% greater in
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face; see Methods: Analytical and statistical methods). Significant
ANOVA factors (P < 0.1) are shown at the top of each panel.

thinned than unthinned treatments (control and burn
only; P = 0.040), but the difference was greatest in 2004
(P = 0.040). Burning initially (2002) reduced richness
16% over unburned units (control and thin only), but
the effect was transient and not evident in subsequent
years (P = 0.001). Evenness declined 41% over time
across all treatments (P < 0.001). The initially positive
effect of burning (P = 0.026) on evenness also declined
over time (P = 0.001): in 2002, burned treatments had
43Y% greater richness than unburned treatments (control
and thin only) but only 8% greater in 2016.

Dominant understory vegetation species (by cover)
and their temporal trends appeared to be influenced
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primarily by experimental block rather than by treat-
ment (summarized by treatment in Appendix SI:
Table S1). In one block, burned treatments in 2002 were
dominated by Berberis repens and unburned treatments
by Arnica cordifolia. By 2016 all treatments in that block
were dominated by Calamagrostis rubescens. In the sec-
ond block, 2002 burn-only and thin-only treatments
were dominated by Berberis repens while control and
thin + burn were dominated by Symphoricarpos albus.
By 2016, vegetation in that block had reorganized such
that thinned treatments were dominated by Arctostaphy-
los uva-ursi and unthinned treatments were dominated
by Symphoricarpos albus. In the third block, burn-only
and thin-only treatments were dominated by Spirea
betulifolia in 2002 and 2016. However, the control treat-
ment in that block transitioned from Spirea betulifolia to
Arnica cordifolia dominance, and the thin + burn treat-
ment shifted from Apocynum androsaemifolium to Cala-
magrostis rubescens dominance. Overall, 121 genera were
identified from 2002 to 2004. Twenty-six genera identi-
fied in 2002 to 2004 were not found or identified in
2016, most of which were forbs; five of these were or
included exotic forbs. Nine new genera were identified in
2016, of which only one was exotic.

Overall forest vegetation community

Overstory and understory vegetation communities
changed over this study’s timeframe. Overstory commu-
nities exhibited strong separation by treatment in 2002
(Azooz = 0273, Pz()()z = 0002), but by 2016 they were
more similar (A2016 = 0086, P2016 = 0188, Flg 6) The
developmental vectors shown in the NMDS projection
illustrate downward directionality in the thinned treat-
ments toward the unthinned treatment centroids over
time, whereas unthinned treatment vectors expanded to
the right. Axis 1 is best characterized as a species com-
position gradient, differentiating ponderosa pine (—)
and Douglas-fir (+) overstory and regeneration. While
axis 2 is more complicated than structure alone, it con-
trasts major structural attributes such as large trees (+)
with high densities of overstory trees and saplings (—).
Understory communities likewise exhibited strong sepa-
ration by treatment in 2002 (Asppr = 0.322, Propr =
0.011) but became more similar by 2016 (A2 =
—0.132, Py = 0.953). These developmental vectors
demonstrate a consistent pattern across all treatments.
As communities move toward the right in this projection
and away from the various measures of understory
diversity (—), they show an increase in understory cover,
especially shrub and graminoid cover (+).

The CDA likewise shows treatments were well differ-
entiated in 2002 (P for canonical axes 1 and 2 < 0.001;
Fig. 7). By 2016, however, treatments were only differen-
tiated along one axis (Pays1 < 0.001 and P,y 5 = 0.163),
meaning that treatments grew more similar over time. In
2002, tree densities (—) and diversity metrics (+) com-
prised the first axis that best differentiated between
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control and thin + burn treatments, respectively
(Table 1). Cover and richness (—) and overstory densities
(+) best differentiated between thin-only and burn-only
treatments in 2002. These canonical loadings were
mostly stable over time, many of them repeating for the
same differentiating effects in 2016 (albeit opposite

signs). However, shrub cover and richness replaced even-
ness (—) and regeneration density became less informa-
tive than overstory density (+) in the differentiation of
control and thin + burn. The second canonical axis for
the 2016 data did not significantly differentiate the thin-
only and burn-only treatments though two-thirds of the



Article €02023; page 12

Overstory and tree regeneration

0.3 — Control
— Burn only
— Thin only
0.2 DFseed | —  Thin+Burn
jﬁ;sap
0.1 QwmD \L
VOL
- p PBA d
0 0.0 seed
2 N
TP DF DPA/OL
014 PP.sap
ap
$ NMDS stress: 0.068
-0.2 Azon2: 0.273
P2002: 0.001
PP.seed Azo160 0.086
034 P2o1e: 0.22
T T T T T
-0.4 -0.2 0.0 0.2 04
Axis 1
Understory
_— — Control
— Burn only
0.2 — Thin only
— Thin+Burn
—_—N
0.1
N “‘i:' Graminoid
2 00+ f ek rub
<>(< Richness 2 _éﬁ}!\'
Evenness ,’A‘
-0.1 4
NMDS stress: 0.037
Azooz: 0.322
-0.2 P2002: 0.009
Azl -0.132
Poote: 0.952

T I I T
-04 -03 -02 -0.1

I I T T
00 01 02 03

Axis 1

Fic. 6. Two-dimensional projection of nonmetric multidi-
mensional scaling (NMDS) ordination, showing overall vegeta-
tion community shifts by experimental unit from 2002 (arrow
tail) to 2016 (arrowhead) at Lubrecht Forest’s Fire and Fire
Surrogate study. Projected one standard errors are shown with
ellipses by treatment (black, Control; red, Burn only; green,
Thin only; blue, Thin + burn) and year (no outline, 2002; black
outline, 2016). On-figure text shows total NMDS configuration
stress, test statistic (4) for multiresponse permutation procedure
(MRPP) by year, and P value for MRPP test statistic by year.
Variables in top panel include overall overstory density (TPA),
stand density index (SDI), volume (VOL), quadratic mean dia-
meter (QMD), sapling density (Sap), seedling density (seed),
and the proportion of ponderosa pine or Douglas-fir in these
variables (when preceded by PP or DF, respectively). Variables
in bottom panel include Shannon’s H, richness, evenness, and
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most negative and most positive influential loadings
were the same as in 2002.

Discussion

Fourteen years since fuel treatment, and at least 4 yr
after MPB outbreak, the suite of forest stands in this
experiment were clearly a result of management com-
pounded by natural disturbance. Coarse vegetation
structure metrics were more similar across treatments in
2016 than in 2002 because of MPB-caused tree mortal-
ity. However, key differences between treatments per-
sisted amid the MPB pressure, especially between the
no-action control and the thin + burn treatment. Framed
in light of treatment longevity, both observed growth
and MPB-caused tree mortality have caused treatment
convergence, negatively impacting the relative effective-
ness of some of the restoration treatments (i.e., burn-
only and thin-only treatments). This has important
implications for management needs and future manage-
ment strategies. This study shows that combined treat-
ment of both overstory and understory (thinning and
prescribed burning, here) is best able to meet live vegeta-
tion structural and compositional restoration goals
despite pressure from MPB.

Fuel treatment x MPB interaction

Little has been published on the comparative effects
of MPB outbreak on dynamics in stands experimentally
treated with fuel reduction. In this study, we found that
MPB-caused overstory mortality, which was 4.5 times
greater in unthinned stands than thinned (Hood et al.
2016), was a major driver in between-treatment vegeta-
tion homogeneity, particularly for coarse structure and
diversity metrics. Thinning to reduce crown fire hazard
(often a more intensive treatment than prescribed burn-
ing alone) lessens overstory competition and reduces
canopy and ladder fuels (Stephens et al. 2009, Fulé et al.
2012), but then also stimulates tree growth and recruit-
ment (as in this study, also Keyes and Varner 2006).
Thus, thinning as a fuel treatment initially opens forest
structure, but new and advance regeneration develops
increasingly dense stands. MPB outbreak with subse-
quent overstory mortality “thinned” the unthinned units,
following a 5-7 yr lag period, but did so in a way that
undermined ecosystem restoration and resilience goals.
Similar to the postrestoration thinning environment, the
MPB outbreak altered light and water conditions
because of overstory loss, likely stimulating both residual
overstory and understory growth (Heath and Alfaro
1990, Stone and Wolfe 1996, Hansen 2014). Therefore,
by 2016, thinned and unthinned treatments are more
similar in structure (i.e., overstory tree density, total
understory cover) and understory diversity (i.e., even-
ness); if MPB had not reduced overstory densities in
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unthinned stands then structure and diversity would
have diverged according to prior differences in vegeta-
tion structure, composition, and fuel characteristics
(e.g., Fig. 8, and those identified by Metlen and Fiedler
[2006] and Mclver et al. [2013]). This study expands
upon the structural and compositional changes in the
overstory due to treatment and MPB outbreak that
Hood et al. (2016) report, and includes the dynamic
understory conditions following these disturbances.
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We found there were still some key treatment-created
differences that persisted in spite of the MPB outbreak.
This supports Hood et al.’s (2016) findings on the last-
ing effects of fuel treatment on stand resistance to subse-
quent disturbance, as well as Crotteau et al.’s (2018b)
findings on the mitigating effect that treatment had on
post-MPB fuel development. The persisting and emerg-
ing differences between control and thin + burn treat-
ments emphasize the trade-offs between managing for
dense or sparse tree layers, as well as demonstrate the
contrast’s insensitivity to MPB outbreak. Dense over-
stories like the control prioritize biomass and canopy
cover of shade-tolerant tree species but limit understory
biomass and diversity, while sparse tree layers like the
thin + burn permit understory development as a trade-
off with shade-intolerant tree layers (Ahmad et al. 2018,
Goodwin et al. 2018). In 2016, the control and thin +
burn were still significantly different from each other
after positively weighting overstory density, canopy
cover, and rSDI (greater in control), and negatively
weighting Shannon’s H, richness, and shrub cover (more
in thin + burn) in CDA, which is similar to many find-
ings from fuel treatments not impacted by MPB (Sch-
wilk et al. 2009, Strahan et al. 2015b), though
insignificant in others (Nelson et al. 2008). Thus, some
ecological differences between treatments were resistant
to the effects of MPB outbreak, just as Crotteau et al.
(2018b) reported for fuel and fire hazard.

Differences due to burning diminished with time. By
2016, the effects of burning were primarily evident
through the combined thin + burn, whereas, in the burn-
only treatment, they generally disappeared prior to MPB
outbreak (Fig. 3). The abatement in burn-only differ-
ences may be masked by the MPB activity in the middle
of this study’s response period, but the treatment effects
are likely ephemeral because experimental burns were
mostly low-severity underburns (Schwilk et al. 2009).
Balancing fire control and fuel reduction objectives is a
challenge for burn-only treatments in long-unburned
stands. Reinhardt et al. (2008) suggest that subsequent
burns in the form of management regimes are necessary
to fully meet fuel reduction objectives with fire, and
maintain stand resistance to fire into the future. In that
vein, some have found that effects of a single prescribed
burn on understory vegetation fade with time since treat-
ment (Nelson et al. 2008, Kerns and Day 2018), while
others report sustained richness improvements over
unburned stands (Webster and Halpern 2010, Rossman
et al. 2018). Overall, it appears that the impact of MPB
outbreak on burning treatments in this study did not
modify the understory vegetation compared with the
untreated stands, but MPB outbreak did negatively
interact with overstory structure and composition in the
control and burn-only treatments by killing many of the
ponderosa pines up to 55 cm dbh.

The interaction of fuel treatment and MPB outbreak
caused lasting differences in structural variability. One
key finding was that thinning reduced absolute
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Variable abbreviations and loadings from canonical discriminant analysis of plot-scale multivariate communities in 2002

2002 2016

Vegetation type

and variable Abbreviation Canl Can2 Canl Can2

Tree
Overstory density OvDens —0.567 0.531 0.785 —0.376
Total volume Vol —0.581 0.459 0.332 —0.090
Canopy cover CC —0.614 0.534 0.582 —0.049
Stand density index SDI —0.618 0.538 0.508 -0.277
Regeneration density RegDens —0.741 0.048 0.452 0.616

Understory
Total cover TotCov —0.570 —0.748 —0.157 0.191
Forb cover Forb —0.300 —0.594 0.118 —0.020
Shrub cover Shrub —0.526 —0.651 —0.291 0.213
Richness Rich —0.212 —0.657 —0.316 0.301
Shannon’s H ShanH 0.137 —0.056 —0.362 0.056
Simpson’s evenness SimpEv 0.394 0.500 —0.076 —0.339

Notes: First two canonical axes (Canl and Can2) are shown for each year (axis P < 0.05 except Can2 in 2016). Up to three most
positive loadings are portrayed in boldface type and three most negative loadings are portrayed in italic type.

structural variability (thin only and thin + burn vs. con-
trol and burn only). This was expected since many forest
treatments simplify forest structure by prescribing aver-
age densities and even spacing (Puettmann et al. 2009,
Churchill et al. 2013), which is a simple and effective
way to reduce crown fire hazard. In contrast, prescribing
structural complexity (not a treatment objective here)
requires more effort and may have a less beneficial effect
on fire hazard reduction depending on ladder fuel prox-
imity to overstory trees. Structural variability was lowest
for the thin-only treatment, and variability relative to
the mean decreased over time in this treatment as
advance regeneration filled in canopy gaps. In contrast,
canopy gaps were created in unthinned treatments by the
MPB outbreak (as in Dordel et al. 2008). Increases in
structural variability proved to be a unique way that
MPB outbreak actually perpetuated differences between
treatments, though differences may not have existed if
thinning treatments prioritized clumpy spatial patterns
(e.g., per Churchill et al. 2013).

Treatment convergence and longevity

These trends in vegetation dynamics have significant
ecological and managerial implications. Our NMDS
analyses showed that treated stands are converging
toward a similar forest structure and composition with
higher overstory Douglas-fir densities and understory
cover (similar to post-treatment convergence in Camp-
bell et al. 2016, Clyatt et al. 2017, Hu et al. 2018, Peter
and Harrington 2018). Additional support comes from
our analysis of individual forest components, showing
thinned stands increased in overstory density over time
while unthinned stands decreased, and the proportion of
overstory ponderosa pine declined while Douglas-fir
increased across treatments. Treatment differences for

understory cover and diversity either diminished with
time (e.g., decline in effect of burning on evenness; Kerns
and Day 2018) or were of minimal consequence (e.g.,
2016 richness of 28 genera in thin only and thin + burn
vs. 25 genera in control and burn only). Whereas small
differences in structure or species assemblages can esca-
late community uniqueness and divergence over time
(Samuels and Drake 1997), this study suggests that
developmental trajectories were not sufficiently modified
by treatment to initiate such differentiation or that com-
pounded disturbance subdued differentiation.

Treatment convergence may also be due to cattle graz-
ing or climate influences on productivity. Similar to
many public lands in the West, cattle have grazed
Lubrecht Experimental Forest for at least one-half cen-
tury. However, fenced exclosures were installed around
the entire Fire and Fire Surrogate study immediately
after treatment implementation in order eliminate cattle.
Understory development has been generally unhindered
by cattle grazing, potentially explaining the increase of
understory cover across functional classes since treat-
ment. Similar understory gains were identified after
excluding cattle in ponderosa pine forests in Idaho and
Arizona, especially for graminoids (Zimmerman and
Neuenschwander 1984, Strahan et al. 2015q). It is also
possible that increases in cover by 2016 were due to
favorable growing season climate. Lubrecht Experimen-
tal Forest had a relatively dry spring in 2015 but received
twice as much precipitation in spring 2016 (prior to mea-
surement in June 2016). Additionally, snowpack was
greater in early 2016 than 2015 (Schneider et al. 2019),
increasing soil water availability into the summer. The
increase in precipitation from 2015 to 2016 may have
stimulated a widespread understory growth response
(Strahan et al. 2015b). Thus, understory convergence
across treatments may be attributable to overstory loss
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regeneration as evidence of prescribed burning, downed wood and delayed openings as evidence of MPB outbreak, and tree regen-
eration growth over time as evidence of growth response.
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from MPB, change in grazing pressure, wet months prior
to measurement, or some combination thereof.

Treatment convergence provides an important cue to
managers, especially when developing silvicultural timeli-
nes and weighing treatment alternatives. This study is in
a unique position to inform management of forest
dynamics following compound disturbance over a rela-
tively long time period (Moore et al. 2006; Fig. 8). The
most important message is that post-treatment growth
compounded by MPB outbreak has decreased treatment
longevity and made treated stands more similar to
untreated stands (Jain et al. 2012). Of all treatments,
burn-only communities are already most similar to the
2016 control treatment as reflected in the overstory
NMDS analysis. But in the upcoming decade, we antici-
pate the thin-only stands will rapidly advance toward the
control as Douglas-fir saplings grow into the overstory
stratum (as following logging in Crotteau et al. 2018a).
Although the thin + burn best retained a distinct identity
from the control and delayed understory dominance by
Douglas-fir, we eventually expect Douglas-fir regenera-
tion to establish and recruit en masse into the midstory
and overstory in subsequent decades. Douglas-fir sapling
growth in the post-treatment growth period increased
crown fire hazard by reducing the gap between surface
and canopy fuels (this study and Crotteau et al. 20185),
and if not tended soon, saplings will resist future low-
intensity prescribed fire as bark thickens, making future
fire-only management strategies more challenging. Com-
pounded growth and MPB outbreak have reduced the
relative longevity of the thinned units, but the thin + burn
is still sufficiently different because of the combined over-
story and understory treatment (similar to studies with-
out MPB outbreak, e.g., Stephens et al. 2012, Rossman
et al. 2018). Given that historical fire return intervals at
Lubrecht Experimental Forest ranged up to 14 yr (Gris-
sino-Mayer et al. 2006), the same period over which this
study reports an overall trend toward convergence, this
interval may also be appropriate as a treatment regime
return interval to improve long-term resilience in this for-
est type (Reinhardt et al. 2008), though increased fire fre-
quencies with warming climate may require shorter
treatment return intervals.

CONCLUSION

Following fuel treatment and MPB outbreak, vegeta-
tion is becoming more similar across treatments over
time, but specific and nuanced differences between treat-
ments demonstrate lasting effects to structure and com-
position (Fig. 8). Crotteau et al. (2018b) indicated that
combined thinning and burning provided the longest
lasting benefit for reducing fuel and fire hazard in treat-
ments compounded by MPB outbreak, yet, promoting
lasting seral overstory trees and diverse understory cover
are two equally important management objectives in
treatments that double as forest restoration and fuel
reduction (Laughlin et al. 2004, Mitchell et al. 2006,
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Kolb et al. 2007). Since seral overstory composition and
a more diverse understory cover continue to distinguish
thin + burn from the control treatments even years after
MPB outbreak, we conclude that the combination of
overstory and understory treatment has the greatest
longevity and enduring effectiveness. This fills a signifi-
cant knowledge gap because no other studies have exam-
ined live vegetation dynamics in experimental fuel
treatments that have been compounded by MPB out-
break. Managers weighing treatment options in these
forest types might consider that (1) MPB outbreaks
reduce overstory densities and produce irregular spatial
structure, but cannot meet the early-seral composi-
tion and structure goals that silvicultural thinning
accomplishes, and (2) understory treatment (broadcast
burning, in this experiment) is needed to reduce shade-
tolerant species advance regeneration and promote
diverse understories in the years ensuing treatment.
Thinning results in forest structure and composition that
immediately meets most live vegetation restoration
goals, and reduces MPB-caused overstory mortality
(Hood et al. 2016) that results in subsequent fuel accu-
mulation and increased fire hazard (Crotteau et al.
2018b), but we found following thinning with burning
delays succession and ensures that restoration goals are
met for years to come. Finally, it appears treatment
regimes will be necessary to maintain the ecological and
practical benefits afforded by dry forest restoration.

ACKNOWLEDGMENTS

This was a study of the Applied Forest Management Program
at the University of Montana, a research and demonstration
unit of the Montana Forest and Conservation Experiment Sta-
tion. Funding came from the USDA National Institute of Food
and Agriculture, Mclntire Stennis project 233356 (awarded to
C. Keyes). The study was made possible with the foresight of
past scientists who designed and implemented the Fire and Fire
Surrogate study, a nationwide project funded by the Joint Fire
Sciences Program (FFS 99-S-01). D. Affleck and A. Sala pro-
vided valuable guidance for this study.

LITERATURE CITED

Abella, S. R., and J. D. Springer. 2015. Effects of tree cutting
and fire on understory vegetation in mixed conifer forests.
Forest Ecology and Management 335:281-299.

Agee, J. K., and C. N. Skinner. 2005. Basic principles of forest
fuel reduction treatments. Forest Ecology and Management
211:83-96.

Ahmad, B., Y. Wang, J. Hao, Y. Liu, E. Bohnett, and K. Zhang.
2018. Optimizing stand structure for trade-offs between over-
story timber production and understory plant diversity: a
case-study of a larch plantation in northwest China. Land
Degradation and Development 29:2998-3008.

Anderson, R. C., O. L. Loucks, and A. M. Swain. 1969.
Herbaceous response to canopy cover, light intensity, and
throughfall precipitation in coniferous forests. Ecology
50:255-263.

Bigler, C., D. Kulakowski, and T. T. Veblen. 2005. Multiple dis-
turbance interactions and drought influence fire severity in
rocky mountain subalpine forests. Ecology 86:3018-3029.



March 2020

Brown, M., T. A. Black, Z. Nesic, V. N. Foord, D. L. Spittle-
house, A. L. Fredeen, N. J. Grant, P. J. Burton, and J. A. Tro-
fymow. 2010. Impact of mountain pine beetle on the net
ecosystem production of lodgepole pine stands in British
Columbia. Agricultural and Forest Meteorology 150:254-264.

Campbell, J. L., D. C. Donato, and J. B. Fontaine. 2016. Effects
of post-fire logging on fuel dynamics in a mixed-conifer for-
est, Oregon, USA: a 10-year assessment. International Jour-
nal of Wildland Fire 25:646-656.

Churchill, D. J., A. J. Larson, M. C. Dahlgreen, J. F. Franklin,
P. F. Hessburg, and J. A. Lutz. 2013. Restoring forest resili-
ence: from reference spatial patterns to silvicultural prescrip-
tions and monitoring. Forest Ecology and Management
291:442-457.

Clyatt, K. A., J. S. Crotteau, M. S. Schaedel, H. L. Wiggins, H.
Kelley, D. J. Churchill, and A. J. Larson. 2016. Historical spa-
tial patterns and contemporary tree mortality in dry mixed-
conifer forests. Forest Ecology and Management 361:23-37.

Clyatt, K. A., C. R. Keyes, and S. M. Hood. 2017. Long-term
effects of fuel treatments on aboveground biomass accumula-
tion in ponderosa pine forests of the northern Rocky Moun-
tains. Forest Ecology and Management 400:587-599.

Cochran, P. H., and J. W. Barrett. 1998. Thirty-five-year growth
of thinned and unthinned ponderosa pine in the Methow Val-
ley of northern Washington. Research Paper PNW-RP-502.
USDA Forest Service Pacific Northwest Research Station,
Portland, Oregon, USA.

Collins, B. M., A. I. Das, J. J. Battles, D. L. Fry, K. D. Krasnow,
and S. L. Stephens. 2016. Beyond reducing fire hazard: fuel
treatment impacts on overstory tree survival. Ecological
Applications 24:1879-1886.

Crookston, N. L., and A. R. Stage. 2000. Percent canopy cover
and stand structure statistics from the Forest Vegetation Sim-
ulator. General Technical Report RMRS-GTR-24. USDA
Forest Service Rocky Mountain Research Station, Ogden,
Utah, USA.

Crotteau, J. S., S. M. Hood, D. C. Lutes, C. R. Keyes, A. Sala,
and M. G. Harrington. 20184. Management and succession
at the Lick Creek Demonstration/Research Forest, Montana.
Journal of Forestry 116:481-486.

Crotteau, J. S., C. R. Keyes, S. M. Hood, D. L. R. Affleck, and
A. Sala. 2018b. Fuel dynamics after a bark beetle outbreak
impacts experimental fuel treatments. Fire Ecology 14:13.

Dodson, E. K., K. L. Metlen, and C. E. Fiedler. 2007. Common
and uncommon understory species differentially respond to
restoration treatments in ponderosa pine/Douglas-fir forests,
Montana. Restoration Ecology 15:696-708.

Dordel, J., M. C. Feller, and S. W. Simard. 2008. Effects of
mountain pine beetle (Dendroctonus ponderosae Hopkins)
infestations on forest stand structure in the southern Cana-
dian Rocky Mountains. Forest Ecology and Management
255:3563-3570.

Egan, J. M., W. R. Jacobi, J. F. Negron, S. L. Smith, and D. R.
Cluck. 2010. Forest thinning and subsequent bark beetle-
caused mortality in Northeastern California. Forest Ecology
and Management 260:1832-1842.

Ellison, A. M., et al. 2005. Loss of foundation species: conse-
quences for the structure and dynamics of forested ecosys-
tems. Frontiers in Ecology and the Environment 3:479-486.

Faurot, J. L. 1977. Estimating merchantable volume and stem
residue in four timber species: ponderosa pine, lodgepole
pine, western larch, Douglas-fir. Research Paper INT-RP-
196. USDA Forest Service Intermountain Forest and Range
Experiment Station, Ogden, Utah, USA.

Fettig, C. J., K. D. Klepzig, R. F. Billings, A. S. Munson, T. E.
Nebeker, J. F. Negron, and J. T. Nowak. 2007. The effective-
ness of vegetation management practices for prevention and

FUEL-TREATMENT-BARK-BEETLE INTERACTIONS

Article €02023; page 17

control of bark beetle infestations in coniferous forests of the
western and southern United States. Forest Ecology and
Management 238:24-53.

Fettig, C. J., K. E. Gibson, A. S. Munson, and J. F. Negron.
2014. Cultural practices for prevention and mitigation of
mountain pine beetle infestations. Forest Science 60:450-463.

Fiedler, C. E., K. L. Metlen, and E. K. Dodson. 2010. Restora-
tion treatment effects on stand structure, tree growth, and fire
hazard in a ponderosa pine/Douglas-fir forest in Montana.
Forest Science 56:18-31.

Fulé, P. Z. 2008. Does it make sense to restore wildland fire in
changing climate? Restoration Ecology 16:526-532.

Fulé, P. Z., J. E. Crouse, J. P. Roccaforte, and E. L. Kalies.
2012. Do thinning and/or burning treatments in western
USA ponderosa or Jeffrey pine-dominated forests help
restore natural fire behavior? Forest Ecology and Manage-
ment 269:68-81.

Gannon, A., and S. Sontag, editors. 2011. Montana forest
insect and disease conditions and program highlights 2010.
USDA Forest Service, Forest Health and Protection. Report
11-01, Missoula, Montana, USA.

Goodwin, M. J., M. P. North, H. S. J. Zald, and M. D. Hurteau.
2018. The 15-year post-treatment response of a mixed-conifer
understory plant community to thinning and burning treat-
ments. Forest Ecology and Management 429:617-624.

Griffin, J. M., M. G. Turner, and M. Simard. 2011. Nitrogen
cycling following mountain pine beetle disturbance in lodge-
pole pine forests of Greater Yellowstone. Forest Ecology and
Management 261:1077-1089.

Grissino-Mayer, H. D., C. M. Gentry, S. Q. Croy, J. Hiatt, B.
Osborne, A. Stan, and G. DeWeese Wight. 2006. Fire history
of western Montana forested landscapes via tree-ring analy-
ses. Indiana State University, Department of Geography,
Geology, and Anthropology. Professional Paper Series 23.
Terre Haute, Indiana, USA.

Hansen, E. M. 2014. Forest development and carbon dynamics
after mountain pine beetle outbreaks. Forest Science 60:476—
488.

Harvey, B. J., D. C. Donato, W. H. Romme, and M. G. Turner.
2013. Influence of recent bark beetle outbreak on fire severity
and postfire tree regeneration in montane Douglas-fir forests.
Ecology 94:2475-2486.

Heath, R., and R. I. Alfaro. 1990. Growth response in a Dou-
glas-fir/lodgepole pine stand after thinning of lodgepole pine
by the mountain pine beetle: a case study. Journal of Entomo-
logical Society of British Columbia 87:16-21.

Hessburg, P. F., et al. 2015. Restoring fire-prone Inland Pacific
landscapes: seven core principles. Landscape Ecology
30:1805-1835.

Hicke, J. A., A. J. H. Meddens, and C. A. Kolden. 2016. Recent
tree mortality in the western United States from bark beetles
and forest fires. Forest Science 62:141-153.

Hood, S. M., S. Baker, and A. Sala. 2016. Fortifying the forest:
thinning and burning increase resistance to a bark beetle out-
break and promote forest resilience. Ecological Applications
26:1984-2000.

Hu, J., J. Herbohn, R. L. Chazdon, J. Baynes, J. Wills, J. Mead-
ows, and M. S. 1. Sohel. 2018. Recovery of species composi-
tion over 46 years in a logged Australian tropical forest
following different intensity silvicultural treatments. Forest
Ecology and Management 409:660—666.

Jain, T. B, M. A. Battaglia, H.-S. Han, R. T. Graham, C. R.
Keyes, J. S. Fried, and J. E. Sandquist. 2012. A comprehen-
sive guide to fuel management practices for dry mixed conifer
forests in the northwestern United States. USDA Forest Ser-
vice, Rocky Mountain Research Station. General Technical
Report RMRS-GTR-292, Fort Collins, Colorado, USA.



Article €02023; page 18

Janowiak, M. K., et al. 2014. A practical approach for translat-
ing climate change adaptation principles into forest manage-
ment actions. Journal of Forestry 112:424-433.

Jenkins, M. J., E. Hebertson, W. Page, and C. A. Jorgensen.
2008. Bark beetles, fuels, fires and implications for forest
management in the Intermountain West. Forest Ecology and
Management 254:16-34.

Kalies, E. L., and L. L. Yocom Kent. 2016. Tamm review: are
fuel treatments effective at achieving ecological and social
objectives? A systematic review. Forest Ecology and Manage-
ment 375:84-95.

Kane, J. M., J. M. Varner, M. R. Metz, and P. J. van Mantgem.
2017. Characterizing fire-disturbance interactions and their
potential impacts on tree mortality in western U.S. forests.
Forest Ecology and Management 405:188-199.

Karel, T. H., and G. Man. 2017. Major forest insect and disease
conditions in the United States: 2015. USDA Forest Service,
Forest Health and Protection. Report FS-1093, Washington,
D.C., USA.

Keane, R. E., K. C. Ryan, T. T. Veblen, C. D. Allen, J. Logan,
and B. Hawkes. 2002. Cascading effects of fire exclusion in
Rocky Mountain ecosystems: a literature review. USDA For-
est Service, Rocky Mountain Research Station. General Tech-
nical Report RMRS-GTR-91, Fort Collins, Colorado, USA.

Keane, R. E., P. F. Hessburg, P. B. Landres, and F. J. Swanson.
2009. The use of historical range and variability (HRV) in
landscape management. Forest Ecology and Management
258:1025-1037.

Keeley, J. E., G. H. Aplet, N. L. Christensen, S. G. Conard, E.
A. Johnson, P. N. Omi, D. L. Peterson, and T. W. Swetnam.
2009. Ecological foundations for fire management in North
American forest and shrubland ecosystems. USDA Forest
Service, Pacific Northwest Research Station. General Techni-
cal Report PNW-GTR-779, Portland, Oregon, USA.

Kerns, B. K., and M. A. Day. 2018. Prescribed fire regimes sub-
tly alter ponderosa pine forest plant community structure.
Ecosphere 9:¢02529.

Keyes, C. R., and J. M. Varner. 2006. Pitfalls in the silvicultural
treatment of canopy fuels. Fire Management Today 66:46-50.

Klenner, W., and A. Arsenault. 2009. Ponderosa pine mortality
during a severe bark beetle (Coleoptera: Curculionidae,
Scolytinae) outbreak in southern British Columbia and impli-
cations for wildlife habitat management. Forest Ecology and
Management 258:S5-S14.

Klutsch, J. G., J. F. Negron, S. L. Costello, C. C. Rhoades, D. R.
West, J. Popp, and R. Caissie. 2009. Stand characteristics and
downed woody debris accumulations associated with a moun-
tain pine beetle (Dendroctonus ponderosae Hopkins) outbreak
in Colorado. Forest Ecology and Management 258:641-649.

Kolb, T. E., J. K. Agee, P. Z. Fulé, N. G. McDowell, K. Pearson,
A. Sala, and R. H. Waring. 2007. Perpetuating old ponderosa
pine. Forest Ecology and Management 249:141-157.

Larson, A. J., and D. J. Churchill. 2012. Tree spatial patterns in
fire-frequent forests of western North America, including
mechanisms of pattern formation and implications for
designing fuel reduction and restoration treatments. Forest
Ecology and Management 267:74-92.

Laughlin, D. C., J. D. Bakker, M. T. Stoddard, M. L. Daniels, J.
D. Springer, C. N. Gildar, A. M. Green, and W. W. Coving-
ton. 2004. Toward reference conditions: wildfire effects on
flora in an old-growth ponderosa pine forest. Forest Ecology
and Management 199:137-152.

Mabher, C. T., E. Oja, A. Marshall, M. Cunningham, L. Town-
send, G. Worley-Hood, L. R. Robinson, T. Margo, D. Lyons,
S. Fety, E. E. Schneider, S. M. A. Jeronimo, D. J. Churchill,
and A. J. Larson. 2019. Real-time monitoring with a tablet

JUSTIN S. CROTTEAU ET AL.

Ecological Applications
Vol. 30, No. 2

app improves implementation of treatments to enhance forest
structural diversity. Journal of Forestry 117:280-292.

Mclver, J. D., and C. P. Weatherspoon. 2010. On conducting a
multisite, multidisciplinary forestry research project: lessons
from the national Fire and Fire Surrogate study. Forest
Science 56:4-17.

Mclver, J. D., et al. 2013. Ecological effects of alternative fuel-
reduction treatments: highlights of the National Fire and Fire
Surrogate study (FFS). International Journal of Wildland
Fire 22:63-82.

McKelvey, K. S., C. N. Skinner, C. Chang, D. C. Et-man, S. J.
Husari, D. J. Parsons, van Wagtendonk J. W.,, and C. P.
Weatherspoon. 1996. An Overview of Fire in the Sierra Nevada.
Pages 1,033-1,040 in Sierra Nevada Ecosystem Project: Final
report to Congress, vol. 11, Assessments and scientific basis for
management options. University of California, Centers for
Water and Wildland Resources, Davis, California, USA.

Metlen, K. L., and C. E. Fiedler. 2006. Restoration treatment
effects on the understory of ponderosa pine/Douglas-fir for-
ests in western Montana, USA. Forest Ecology and Manage-
ment 222:355-369.

Miller, J. D., H. D. Safford, M. Crimmins, and A. E. Thode.
2009. Quantitative evidence for increasing forest fire severity
in the Sierra Nevada and southern Cascade Mountains, Cali-
fornia and Nevada, USA. Ecosystems 12:16-32.

Mitchell, R. I, J. K. Hiers, J. J. O’Brien, S. B. Jack, and R. T.
Engstrom. 2006. Silviculture that sustains: the nexus between
silviculture, frequent prescribed fire, and conservation of bio-
diversity in longleaf pine forests of the southeastern United
States. Canadian Journal of Forest Research 36:2724-2736.

Moore, M. M., C. A. Casey, J. D. Bakker, J. D. Springer, P. Z.
Fulé, W. W. Covington, and D. C. Laughlin. 2006. Herba-
ceous vegetation responses (1992-2004) to restoration treat-
ments in a ponderosa pine forest. Rangeland Ecology and
Management 59:135-144.

Moran, C. J., and M. A. Cochrane. 2012. Do mountain pine
beetle outbreaks change the probability of active crown fire in
lodgepole pine forests? Comment. Ecology 93:939-941.

Nelson, C. R., C. B. Halpern, and J. K. Agee. 2008. Thinning
and burning result in low-level invasion by nonnative plants
but neutral effects on natives. Ecological Applications
18:762-770.

Nimlos, T. J. 1986. Soils of Lubrecht Experimental Forest.
Montana Forest and Conservation Experiment Station. Mis-
cellaneous Publication No. 44, Missoula, Montana, USA.

Oksanen, J., et al. 2017. vegan: community ecology package.
https://cran.r-project.org/package=vegan

Page, W. G., and M. J. Jenkins. 2007. Mountain pine beetle-
induced changes to selected lodgepole pine fuel complexes
within the intermountain region. Forest Science 53:507-518.

Paine, R. T., M. J. Tegner, and E. A. Johnson. 1998. Com-
pounded perturbations yield ecological surprises. Ecosystems
1:535-545.

Pec, G. J,, J. Karst, A. N. Sywenky, P. W. Cigan, N. Erbilgin, S.
W. Simard, and J. F. Cahill. 2015. Rapid increases in forest
understory diversity and productivity following a mountain
pine beetle (Dendroctonus ponderosae) outbreak in pine for-
ests. PLoS ONE 10:1-16.

Peter, D. H., and T. B. Harrington. 2018. Effects of forest har-
vesting, logging debris, and herbicides on the composition,
diversity and assembly of a western Washington, USA plant
community. Forest Ecology and Management 417:18-30.

Pfister, R. D., B. L. Kovalchik, S. F. Arno, and R. C. Presby.
1977. Forest habitat types of Montana. USDA Forest Service,
Intermountain Forest and Range Experiment Station. Gen-
eral Technical Report INT-GTR-34, Ogden, Utah, USA.


https://cran.r-project.org/package=vegan

March 2020

Pickett, S. T. A., J. Kolasa, J. J. Armesto, and S. L. Collins.
1989. The ecological concept of disturbance and its expres-
sion at various hierarchical levels. Oikos 54:129-136.

Puettmann, K. J., K. D. Coates, and C. Messier. 2009. A cri-
tique of silviculture: managing for complexity. Island Press,
Washington, District of Columbia, USA.

Reineke, L. H. 1933. Perfecting a stand-density index for
even-aged forests. Journal of Agricultural Research 46:627—
638.

Reinhardt, E. D., R. E. Keane, D. E. Calkin, and J. D. Cohen.
2008. Objectives and considerations for wildland fuel treat-
ment in forested ecosystems of the interior western United
States. Forest Ecology and Management 256:1997-2006.

del Rio, M., et al. 2016. Characterization of the structure, dynam-
ics, and productivity of mixed-species stands: review and per-
spectives. European Journal of Forest Research 135:23-49.

Rossman, A. K., C. B. Halpern, R. J. Harrod, L. S. Urgenson,
D. W. Peterson, and J. D. Bakker. 2018. Benefits of thinning
and burning for understory diversity vary with spatial scale
and time since treatment. Forest Ecology and Management
419-420:58-78.

Safranyik, L., and A. Carroll. 2006. The biology and epidemiol-
ogy of the mountain pine beetle in lodgepole pine forests.
Pages 3-66 in L. Safranyik and W. Wilson, editors. The
mountain pine beetle: a synthesis of its biology, management
and impacts on lodgepole pine. Natural Resources Canada,
Canadian Forest Service, Pacific Forestry Centre, Victoria,
British Columbia, Canada.

Samuels, C. L., and J. A. Drake. 1997. Divergent perspectives
on community convergence. Trends in Ecology and Evolution
12:427-432.

Schneider, E. E., D. L. R. Affleck, and A. J. Larson. 2019. Tree
spatial patterns modulate peak snow accumulation and snow
disappearance. Forest Ecology and Management 441:9-19.

Schoennagel, T., C. R. Nelson, D. M. Theobald, G. C. Carn-
wath, and T. B. Chapman. 2009. Implementation of National
Fire Plan treatments near the wildland-urban interface in the
western United States. Proceedings of the National Academy
of Sciences USA 106:10706-11.

Schwilk, D. W,, et al. 2009. The national Fire and Fire Surro-
gate study: effects of fuel reduction methods on forest vegeta-
tion structure and fuels. Ecological Applications 19:285-304.

Shannon, C. E., and W. Weaver. 1949. The Mathematical The-
ory of Communication. University of Illinois Press, Urbana,
Illinois, USA.

Sieg, C. H., R. R. Linn, F. Pimont, C. M. Hoffman, J. D.
McMillin, J. Winterkamp, and L. S. Baggett. 2017. Fires fol-
lowing bark beetles: factors controlling severity and distur-
bance interactions in ponderosa pine. Fire Ecology 13:1-23.

Simard, M., W. H. Romme, J. M. Griffin, and M. G. Turner.
2011. Do mountain pine beetle outbreaks change the proba-
bility of active crown fire in lodgepole pine forests? Ecological
Monographs 81:3-24.

Six, D. L., and K. Skov. 2009. Response of bark beetles and
their natural enemies to Fire and Fire Surrogate treatments in

FUEL-TREATMENT-BARK-BEETLE INTERACTIONS

Article €02023; page 19

mixed-conifer forests in western Montana. Forest Ecology
and Management 258:761-772.

Smith, B., and J. B. Wilson. 1996. A consumer’s guide to even-
ness indices. Oikos 76:70-82.

Stephens, S. L., et al. 2009. Fire treatment effects on vegetation
structure, fuels, and potential fire severity in western US for-
ests. Ecological Applications 19:305-320.

Stephens, S. L., B. M. Collins, and G. Roller. 2012. Fuel treat-
ment longevity in a Sierra Nevada mixed conifer forest. For-
est Ecology and Management 285:204-212.

Stephens, S. L., B. M. Collins, E. Biber, and P. Z. Fulé. 2016.
U.S. Federal fire and forest policy: emphasizing resilience in
dry forests. Ecosphere 7:1-19.

Stephens, S. L., B. M. Collins, C. J. Fettig, M. A. Finney, C. M.
Hoffman, E. E. Knapp, M. P. North, H. Safford, and R. B.
Wayman. 2018. Drought, tree mortality, and wildfire in for-
ests adapted to frequent fire. BioScience 68:77-88.

Stone, W. E., and M. L. Wolfe. 1996. Response of understory
vegetation to variable tree mortality following a mountain
pine beetle epidemic in lodgepole pine stands in northern
Utah. Vegetatio 122:1-12.

Strahan, R. T., D. C. Laughlin, J. D. Bakker, M. M. Moore, R.
T. Strahan, D. C. Laughlin, J. D. Bakker, and M. M. Moore.
2015a. Long-term protection from heavy livestock grazing
affects ponderosa pine understory composition and func-
tional traits. Rangeland Ecology & Management 68:257-265.

Strahan, R. T., M. T. Stoddard, J. D. Springer, and D. W. Huff-
man. 2015h. Increasing weight of evidence that thinning and
burning treatments help restore understory plant communi-
ties in ponderosa pine forests. Forest Ecology and Manage-
ment 353:208-220.

Turner, R. 2017. deldir: Delaunay triangulation and Dirichlet
(Voronoi) Tessellation. https://cran.r-project.org/package=de
1dir

USDA and NRCS. 2017. The PLANTS database. National
Plant Data Team, Greensboro, North Carolina, USA.

Veblen, T. T., K. S. Hadley, E. M. Nel, T. Kitzberger, M. Reid,
and R. Villalba. 1994. Disturbance regime and disturbance
interactions in a Rocky Mountain subalpine forest. Journal
of Ecology 82:125-135.

Weatherspoon, C. P. 2000. A long-term national study of the
consequences of fire and fire surrogate treatments. Pages
117-126 in Proceedings of the Joint Fire Science Confer-
ence and Workshop. University of Idaho Press, Moscow,
Idaho, USA.

Webster, K. M., and C. B. Halpern. 2010. Long-term vegetation
responses to reintroduction and repeated use of fire in mixed-
conifer forests of the Sierra Nevada. Ecosphere 1:art9.

Zenner, E. K., and D. E. Hibbs. 2000. A new method for model-
ing the heterogeneity of forest structure. Forest Ecology and
Management 129:75-87.

Zimmerman, G. T., and L. F. Neuenschwander. 1984. Livestock
grazing influences on community structure, fire intensity, and
fire frequency within the Douglas-fir/ninebark habitat type.
Journal of Range Management 37:104-110.

SUPPORTING INFORMATION

Additional supporting information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/eap.2023/full

DATA AVAILABILITY

Data associated with this paper are available from the USDA Forest Service Research Data Archive at https://doi.org/10.2737/rd

s-2019-0040


https://cran.r-project.org/package=deldir
https://cran.r-project.org/package=deldir
http://onlinelibrary.wiley.com/doi/10.1002/eap.2023/full
https://doi.org/10.2737/rds-2019-0040
https://doi.org/10.2737/rds-2019-0040

